1 -ATPase is the smallest known rotary motor, and it rotates in an anticlockwise direction as it hydrolyses ATP [1] [2] [3] [4] [5] . Single-molecule experiments 6-9 point towards three catalytic events per turn, in agreement with the molecular structure of the complex 10 . The physiological function of F 1 is ATP synthesis. In the ubiquitous F 0 F 1 complex, this energetically uphill reaction is driven by F 0 , the partner motor of F 1 , which forces the backward (clockwise) rotation of F 1 , leading to ATP synthesis [11] [12] [13] . Here, we have devised an experiment combining single-molecule manipulation and microfabrication techniques to measure the yield of this mechanochemical transformation. Single F 1 molecules were enclosed in femtolitre-sized hermetic chambers and rotated in a clockwise direction using magnetic tweezers. When the magnetic field was switched off, the F 1 molecule underwent anticlockwise rotation at a speed proportional to the amount of synthesized ATP. At 10 Hz, the mechanochemical coupling efficiency was low for the a 3 b 3 g subcomplex (F 1 21 ), but reached up to 77% after reconstitution with the 1-subunit (F 1
11
). We provide here direct evidence that F 1 is designed to tightly couple its catalytic reactions with the mechanical rotation. Our results suggest that the 1-subunit has an essential function during ATP synthesis.
Genetically engineered, single F 1 molecules can be grafted on to a glass slide, and the ATP-driven anticlockwise rotation has been observed directly under an optical microscope by coupling the g-subunit to a fluorescent filament or a submicrometre-sized plastic bead 9, 14 . Our experiment used a similar procedure with some alternations: the magnetic bead was attached to the g-subunit to rotate it relative to the glass-bound a 3 b 3 stator part of the F 1 molecule using magnetic tweezers 15 . We also developed a microfabrication technique to confine this system to a 6-fl transparent container 16 ( Fig. 1b) . Owing to the extremely small volume, the number of ATP molecules produced by a single F 1 enzyme reached a detectable micromolar concentration within minutes of forced clockwise rotation. After the magnetic field was switched off, this ATP concentration could be readily determined by monitoring the speed of the enzyme spontaneously rotating in an anticlockwise direction. By comparing the number of turns in both directions (mechanical input/output) with the changes in ATP concentration (chemical input/output), we were able to assess directly the mechanochemical coupling efficiencies of F 1 .
As a first step, we focused on the enzyme acting as a motor; that is, hydrolysing ATP. F 1 molecules were immobilized on a glass plate at a density of less than one per 4 mm 2 (the surface area of a chamber). A polydimethylsiloxane (PDMS) sheet with microchambers on its surface (Fig. 2a, left) was suspended above the glass plate and partially pressed down onto it with a small, flat-tipped glass needle to enclose a rotating F 1 molecule in a chamber (Fig. 2b) . The chamber size was large enough to avoid physical conflict with the rotating bead (Fig. 2a, right) , and could contain only 1,800^200 ATP molecules at 500 nM ATP. (The error number was derived from the error of the chamber volume, around 10%.) Because the motor consumed ATP molecules in the chamber, the rotation speed decreased (Fig. 2c ). Under these conditions of low ATP concentration, where ATP binding is the rate-limiting step, the speed decreases linearly with ATP concentration and the expected firstorder decay was observed (Fig. 2d) . We re-opened the chamber when the speed approached zero, thus taking back the system to its initial condition (Fig. 2b) . The enzyme immediately resumed its initial speed, showing that the motor was still active. Extrapolating the rotation speed versus the number of accumulated rotations (Fig. 2d, inset) yielded the maximum number of turns that the single enzyme could perform by exhausting the 1,800 available ATP molecules. We determined the value to be 580^100 turns (mean^s.d.), corresponding to a coupling ratio of 3.15^0.5 ATPs per turn. A similar result was obtained for F 1 þ1 (data not shown). Such a high coupling ratio in the motor direction had been proposed previously 8, 17 , but only indirect evidence had been provided so far, because the mechanical output and the real ATP 30 . ATP hydrolysis occurs sequentially on the three b-subunits, which generate power strokes driving the anticlockwise rotation of g1 (or g if 1 is absent). b, To force the ATP synthesis of F 1 against the chemical potential, a magnetic bead was attached to the g-subunit of an immobilized F 1 , and rotated clockwise using magnetic tweezers. A single bead-enzyme complex was enclosed in a PDMS container in order to trap synthesized ATP molecules. c, ATP synthesis was detectable via the enzyme itself: after the magnetic field was released, the enzyme resumed its ATPhydrolysing anticlockwise rotation at a speed proportional to the ATP concentration in the chamber. letters to nature consumption could not be monitored simultaneously. In particular, the possibility that the motor might 'slip' and hydrolyse ATP without rotation was a lingering question. Back steps 8 could also affect the coupling ratio; however, this was such a rare event (less than 1% in our case) that it can be considered to be negligible. The present experiment directly demonstrates that F 1 þ1 and F 1 21 do not waste ATP, and work as motors with nearly perfect mechanochemical coupling efficiencies.
In a second series of experiments, we turned to the more challenging question of ATP synthesis. The buffer now included physiological concentrations of ADP and inorganic phosphate P i , as well as 200 nM ATP, in order to identify active rotating molecules. As before, the chamber was closed around a single enzyme, but its rotation was now forced into the clockwise direction using a rotating magnetic field and the magnetic bead as a handle. The maximum rate of ATP synthesis for this thermophilic F 0 F 1 enzyme was biochemically determined to be 30 ATPs s 21 at room temperature (R. Iino and M. Yoshida, personal communication). Therefore, we selected a rotating speed of 10 rotations per second (r.p.s.). The magnetic field was applied in repetitive sequences of 1 min duration, with an interval of ,1 min (Fig. 3a, b) . When it was turned off, the bead resumed its anticlockwise rotation at a speed proportional to the ATP concentration.
If perfect mechanical coupling is assumed, the enzyme should produce three ATPs per clockwise turn. The concentration increment after 10 Hz rotation for 1 min corresponds to 500 nM ATP in 6 fl. This is a significantly higher concentration than the initial ATP concentration of 200 nM, thus one would expect a marked enzyme bound to a magnetic bead was rotated in a backward (clockwise) direction with magnetic tweezers within a microchamber in the presence of ADP, P i and a small amount of ATP. Synthesized ATP accumulated in the chamber. Before and after a forced clockwise rotation, spontaneous anticlockwise rotation was recorded as a means of detecting ATP synthesis through the increased rotational speed (see inset). c, The anticlockwise rotation speeds at each experimental step in a are shown. Between the second and third point, the motor was stalled without rotation in order to confirm the absence of background ATP synthesis. d, e, Anticlockwise rotation speeds were converted into the total number of synthesized ATPs for F 1 21 (d) and F 1 þ1 (e). Each trace belongs to an individual F 1 molecule.
Dotted lines indicate ATP yields expected for mechanochemical coupling ratios: 3 for 100% efficiency; 1.5 for 50%; and 0 for 0%. The standard error deviation from the rotational velocity determination (30%) and the chamber volume (10%) is indicated at each end of the traces only, for the sake of clarity.
acceleration of the anticlockwise rotation after release of the magnetic field. Notably, this was not the case for F 1
21
: the beads hardly increased their speed. Analysis of these experiments (Fig. 3d) gave a coupling ratio of 0.5^0.4 (mean^s.d.) ATPs produced per turn. This is in agreement with a previous bulk experiment 13 , indicating a very low mechanochemical coupling efficiency of F 1 21 at 10 Hz.
The results were different for F 1 þ1 , reconstituted from F 1 21 and the 1-subunit. In this case, the forced backward rotations led, in most experiments, to a large increase in the rotation speed (Fig. 3b, c) . These reproducible patterns confirmed the production of ATP inside the microchamber. For computation of the ATP yield from the rotation speed, calibration curves of the speed versus ATP concentration (ranging from 200 nM to 2 mM) were determined in independent experiments in the same buffer (see Supplementary Information). It followed Michaelis-Menten kinetics. We then calculated the number of ATP molecules produced from the increment of ATP concentration and the chamber volume to compare with the number of forced clockwise rotations (Fig. 3e) . Most traces were found between dotted lines for coupling ratios of 3 and 1.5. We obtained an average value of 2.3^1.6 (mean^s.d.) ATPs per turn (77%) after eliminating obviously defective traces (blue and grey traces in Fig. 3e ). This is probably a lower limit, because most artefacts, such as transient leaks in the chamber, defective connections in the glass-F 1 -streptavidin-bead complex, or contamination by other free motors, should decrease this value. Therefore our data point to an excellent mechanochemical coupling efficiency. In the best cases, we observed the postulated value of three ATPs synthesized per turn.
Efficiency of molecular machines is generally difficult to assess because it requires precise mechanical information-available only at the single-molecule level-while simultaneously measuring minute amounts of chemical output 17 . Moreover, it is easier to detect a mechanical output from a chemical input than to do the contrary. The mechanical synthesis of ATP by reversing F 1 molecules was previously reported 13 , but it was not a quantitative measurement. As a consequence, a good understanding of the ATP-hydrolysing function of F 1 has been accumulated 1, 3, 4 , but very little was known about its biologically more relevant ATP synthesis ability 2 . In this approach we have taken advantage of transparent containers so small that a single enzyme's chemical activity quickly results in detectable concentration changes 16 . Our experiments show that both F 1 21 and F 1 þ1 consume strictly three ATPs per anticlockwise turn, whereas only F 1 þ1 is efficient enough to produce ATP when forced to rotate in the backward (clockwise) direction. These results are consistent with the ubiquity of this strategic enzyme that fuels most of the energy-consuming biological processes.
The present work reveals the unexpected importance of the 1-subunit in the synthesis of ATP. Its regulatory role for ATP hydrolysis is well recognized [18] [19] [20] but its exact function in synthesis is still a matter for discussion. Our findings suggest that the 1-subunit is necessary for high-yield and high-rate ATP synthesis. It was already known that the absence of the 1-subunit suppresses the synthesizing ability of chloroplast F 0 F 1 21 , even though the enzyme is structurally intact. Recent biochemical studies have suggested that 1 can insert its helical domain into the a 3 b 3 ring, in a cleft along the g-subunit [22] [23] [24] . This could be the structural basis for a switch of the enzyme into the ATP synthesis mode 23 , and/or a shift in the ATP/ADP affinity balance 2 . Alternatively, as shown in the crystal structure 25 of F 1
þ1
, the 1-subunit may stabilize the protruding part of the g-subunit where the mechanical torque is applied. In this case, it would possess mostly a structural function. The precise role of the 1-subunit in ATP synthesis remains to be established. The experimental set-up described here can also be used to investigate the parameters of the original mechanical-to-chemical biological transduction performed by F 1 , such as maximum velocity, torque, energy barriers and affinities for substrates.
A
Methods Materials
All buffers were prepared with 0.05 mg ml 21 heat-shock-purified BSA, 50 mM MOPS pH 7, 50 mM KCl and 2 mM MgCl 2 . For the ATP-driven rotation assay, 500 nM ATP was added, whereas for ATP synthesis the buffer contained 200 nM ATP, 10 mM P i and 100 mM ADP, which was purified as previously described 13 . In buffers containing both BSA and ADP, spontaneous ATP synthesis activity was detected owing to contaminating adenylate kinase in BSA. However, the activity was negligible, less than 2 nM h
21
. A mutant F 1
(His 6 -aC193S, His 10 -b and gS107C/I210C), derived from the thermophilic Bacillus PS3, was prepared and biotinylated as described 26 . Six His tags were used to strengthen the binding of F 1 to the glass plate, but did not alter significantly the rotary and catalytic properties of F 1 as compared to previous mutants 9 . Recombinant 1-subunit was prepared as described 7 and mixed at 7.5 mM with 0.5 mM F 1
, in order to reconstitute F 1 þ1 . PDMS sheets with microchambers were prepared by conventional moulding procedures 27 with a slight modification 16 . The dimensions of the chambers, determined from electron microscope images, were 1.13 mm radius and 1.50 mm height, with an average volume of 6.0^0.6 fl (mean^s.d.).
Equipment
The magnetic field was generated by custom-made magnetic tweezers 15 mounted on the stage of a microscope (Olympus, IX71). The bead rotation was recorded using a CCD camera (MTI, RC300) at the video rate, and the trajectories of rotation were analysed using custom-made software (R. Yasuda). During the time intervals when the magnetic field was cut off, the speed of ATP-driven rotation was calculated from more than five successive turns 28 .
ATP-driven rotation assay in a chamber
A 2 £ 20 mm 2 flow cell was constructed by suspending a PDMS sheet on top of a Ni-NTAmodified cover plate with two 40-mm spacer sheets. F 1 molecules were immobilized on the cover plate at a very low concentration (4.7 pM), such that the density of immobilized F 1 was less than one enzyme per 4 mm 2 (the surface of a chamber). Streptavidin-coated magnetic beads (Seradyn; ,0.47-mm diameter) were then attached to the biotinylated g-subunit. When a rotating bead was found, it was enclosed in a microchamber by pressing down on the PDMS sheet using a glass needle (30-mm diameter) controlled by a z-axis micromanipulator (Narishige). After visual confirmation of contact between the sheet and the cover plate, the glass needle was pressed down a further 2-3 mm to seal the chambers tightly. This value is less than 10% of the value required for the complete compression (more than 30 mm). Thus, taking the elastomeric properties of PDMS 29 into account, the chamber volume was not strongly modified under these conditions; this is also supported by the ATP-driven rotation experiments. On rare occasions, small focus drifts and transient leakage of the chamber were observed, in which case the entire experiment was rejected.
Mechanical ATP synthesis in a chamber
The set-up was similar to previous experiments, but magnetic tweezers and synthesis buffer were used. Under these high ADP conditions, more than 90% of F 1 21 or F 1 þ1 molecules were in the Mg-ADP-inhibited form (data not shown). Therefore, most of the magnetic beads did not show rotation, and they had to be pushed into the active state by mechanical, 1808 clockwise rotation 15 . A 10 Hz rotating magnetic field was applied for 1 min to force 600 turns in the clockwise direction. Some beads (possibly with a lower magnetic content) did not perfectly follow the rotating field, and thus the actual number of clockwise turns had to be directly counted from the video analysis. Between rounds of the forced rotation, speed of the ATP-driven anticlockwise rotation was measured. The standard curves (see Supplementary Information) were built from independent experiments in regular flow cells. Michaelis-Menten parameters (F 1
21
: K m ¼ 3.3 mM, V max ¼ 4.5 r.p.s.; F 1 þ1 : K m ¼ 2.1 mM, V max ¼ 4.9 r.p.s.) and the chamber volumes were used to convert rotational speed into the total number of synthesized ATP molecules.
